Modular, executable, decision-centric templates have been used as a means to model design processes computationally. The use of decision templates has been limited so far to decision making by a single stakeholder. Templates for multiple stakeholders, making concurrent decisions regarding the design of a product have not been developed. In this paper, we extend the current template-based approach using Game-Based Design, which is a method incorporating game theoretic protocols in engineering design and has been proposed as a means to solve design decision problems for multiple stakeholders. The interactions between multiple decision makers are modeled using cooperative, non-cooperative, and leader follower protocols. The proposed approach facilitates collaboration between two stakeholders by organizing design process information using decision-centric templates. The proposed approach facilitates computational modeling of designer interactions in a distributed environment by capturing the dynamics of collaborative decision making. It is demonstrated with respect to facilitating the design and prototype manufacture of a separation channel for a microscale gas chromatography system.
2 American Institute of Aeronautics and Astronautics order to model and execute different decisions in a systematic fashion, a consistent, domain independent means of modeling decisions is required. In our proposed approach, we use the compromise Decision Support Problem (cDSP) 5, 6 as a mathematical construct to address this requirement. In addition to the consistent formulation, decisions can be executed in different ways depending on the communication between designers, and the design problem at hand.
Various types of interactions between decisions such as sequential, decentralized and centralized interactions exist. An approach for collaborative design must support these different types of interactions. Also, types of interactions may change and the design process must be adaptable to these changes. By separating decision and their interfaces, design processes can be composed and reconfigured easily. Through this separation, domain experts and designers can consistently update their decisions without losing control of their own decisions. To facilitate simulation-based design in a distributed environment, the domain-independent templates are developed in a computationally executable form. Separation of declarative problem specific information from procedural information results in design information that can be captured in a reusable, adaptable and extensible form. In this paper, game theory is used as the mathematical construct to develop interface templates that can handle different types of interactions in a reusable, adaptable and extensible form.
This paper is organized as follows. In Section I.B, we present an illustrative example for demonstrating the proposed template based approach for collaborative design. The example involves collaborative design and manufacturing of a separation channel. In Section II, we discuss the foundational constructs based on which our approach is based. These include template-based approach for design process modeling and game theory constructs for decision-interface modeling. The proposed approach is presented in Section III. It is demonstrated in the context of separation channel design and manufacturing problem in Section IV. Finally we present our closing thoughts in Section V.
B. Illustrative Example for the Proposed Game Theoretic Template-based Approach
In this paper, the use of game theoretic interface templates in design process modeling is demonstrated with respect to facilitating the design and prototype manufacture of a separation channel for a microscale gas chromatography system. A designer and a manufacturer with conflicting objectives collaboratively design a microscale gas chromatography channel. In this example, the designer and manufacturer of a microscale gas chromatography separation channel use the decision templates to negotiate the dimensions of the microchannel. Different game theory constructs represent the different means of communication between the designer and manufacturer.
The gas chromatography system permits users to analyze an unknown gas by separating the gas into its base chemicals and detecting the chemicals via chemical sensor. Each of the components are being designed by individual groups, and need to be integrated. For now, the design efforts are focused on the design and prototype fabrication of the separation channel. The separation channel is the most important component to be designed. In the separation column, the unknown gas's components are separated via chemical reaction with the stationary layer within the column. The column's dimensions have to be synthesized to permit a relatively short time for the unknown gas to pass through the column. The dimensions must also be synthesized to ensure the column's efficiency is high. The general design of the separation column is shown in Figure 1 . The design calls for a dual spiral shape. The column is to be fabricated using a technique developed by Noh 7 . One of the fabrication steps involves fitting the design onto a silicon substrate. The manufacturer wishes to maximize the number of channels produced on a single substrate. In addition to performance synthesis, the design should be suitable for a relatively high batch size. With this in mind, the example problem will be partitioned into problem formulations for both the design side and the manufacturing side. 
II. Foundations -Template-based Design Process Modeling and Game Theory
Our approach to collaborative design is based on template-based design process modeling leveraging game-theoretic protocols. The template-based approach is used for modeling design decisions and interactions between distributed decision makers in a reusable, adaptive and extendable form. Game theory on the other hand, provides theoretical constructs for modeling interfaces between design decisions. The template-based approach and game-theoretic constructs are the foundations on which our proposed approach to collaborative design is based. These foundations are discussed in the following.
A. Template-based Approach for Design Process Modeling
The design process modeling approach is based on three key ideas: (a) design processes themselves are hierarchical systems, (b) separation of declarative and procedural information enhances reusability of design processes, and (c) design is a decisioncentric activity. These are discussed in detail in this section.
1) Hierarchical Systems View of Design Processes
From a hierarchical systems standpoint, design processes can be progressively broken down into subprocesses that in turn can be represented in terms of basic design process building blocks, i.e., information transformations. Hence, design processes are viewed as a network of design transformations. These information transformations include decisions, abstraction, composition, decomposition, mapping, evaluation and refinement. These transformations are discussed in more detail in 3 . Each of these transformations is associated with an input product state, an output product state, and a design sub-process (which is again a network of information transformations) for its execution. These inputs, outputs, and transformations, and design processes are related as shown in Figure 2 and represent core elements in this hierarchical systems view of design processes. As shown in the figure, information related to formulating the transformations (declarative information) and solving them (procedural information) is clearly separated. The details of this separation are discussed in Section II.A.2. The fundamental concept of constructing computational templates from networks of design process building blocks is illustrated in Figure 3 . The design process in this figure involves three information transformations, namely, T1, T2, and T3. Each of these templates is at a different level of completion. T1 is a complete template, implying that all the information required for its execution is available. T3 on the other hand has yet to be instantiated relevant to the problem at hand and consequently, does not differ from a generic information transformation on which it is based. Specifically, the focus is on developing modular, reusable models of information transformations with clearly defined inputs and outputs that facilitate hierarchical modeling of design processes. Due to their consistent structure, design processes modeled in this fashion provide the ability to easily archive and reuse design process knowledge at all levels of the model hierarchy. 
2) Separation of Declarative and Procedural Information
In order to maintain the modularity and reusability of information transformations and associated design processes, we rely on separation of declarative and procedural information. Since the currently available design frameworks capture process information in a manner that is tightly integrated with the information specific to the product at hand, it is not possible to reuse different process definitions to design a product. In developing the computational templates, the authors separate the representation of problem formulation related (declarative) information and process execution specific (procedural) information. The effective separation of such declarative and procedural information is extremely important for developing more effective design support systems. The information associated with design transformations and the product states is declarative information because it refers to what is done by the designer via that transformation. Declarative information thus captures all the pieces of information/knowledge and the associated relationships among them that represent the transformation to be carried out. The mechanics of how that information transformation is carried out constitutes the procedural information; it details how that transformation is executed via a network of tasks. After the designers have declared their design problem, it can be executed using many different processes.
The idea of separation of declarative and procedural information is analogous to understanding the behavior of a system that is represented by a set of linear equations. The first step for understanding the system behavior is formulating (declaring) all the equations that correspond to the information/knowledge available to designers. Once the equations have been formulated, the next step is to select a process to be used for solving those equations simultaneously. Various algorithms (that correspond to the processes for solving the equations) such as Cramer's rule, Gaussian elimination, LU decomposition, Jacobi method, etc. are available for solving such a set of linear equations. Appropriate selection of algorithms (process) for the particular problem at hand, however, depends on characteristics such as diagonal dominance, sparcity of the resulting matrix, etc. The selection of the most appropriate process is thus analogous to designing the design process for executing a design transformation. One of the advantages inherent in separating declarative and procedural information is that this scheme forces designers to focus on design problem formulation before considering the details of solution. This is important because without appropriately formulating the design problem, the designers are likely to incur penalties associated with inefficient iteration and costly redesign due to associated oversights. A further advantage is that the reusability of design processes for solving different kinds of design problems is enhanced.
3) Decision-centric View of Design Processes
From a decision-centric standpoint, designing is a process of transforming information that characterizes the needs and requirements for a product into knowledge about the product 8, 9 . Various transformations operate on product related information and convert this information from one state to another. These transformations can be carried out in a sequential or parallel fashion. From a decision-centric perspective, the fundamental process building blocks are decisions. In this paper, design processes are captured in a computationally archivable, executable and reusable manner, which facilitates collaborative work. The authors build on an approach for modeling design processes based on a modular, decision-centric, template-based representation of design processes proposed by Panchal and coauthors , specifically the compromise Decision Support Problem (cDSP) 6 . The DSP Technique is rooted in systems thinking that encourages designers to view products and processes as systems interacting with the environment. In the DSP Technique, support for human judgment in designing is offered through the formulation and solution of DSPs, which provide a means for modeling decisions encountered in design. As an example, the formulation of a cDSP is shown in Figure  4b ). The cDSP formulation consists of four key sections -a) given, b) find, c) satisfy, and d) minimize. In the "given" section the information available to designers for decision making, which includes the available simulation models that generate information about the system's behavior and a designers' preferences, is captured. In the "find" section of the cDSP, information about the design variables that designers can control in order to satisfy the design objectives is captured. The information about bounds on design variables, any problem constraints, and the design goals is captured in the "satisfy" section of the cDSP. The overall objective function to be minimized is captured in the "Minimize" section. These DSPs are embodied in the form of computational templates as shown in Figure 4b ). The templates resulting from the mathematically modeled decisions are defined as computer-based representations of DSPs with well-defined inputs and outputs. These design process templates, analogously to the building block templates from which they are composed, can be parsed, executed, stored, analyzed, and reused (see Figure 4 ). American Institute of Aeronautics and Astronautics
Given
An alternative to be improved Target value for goals, G i , i = 1,…,n Relative importances of goals, w i , i = 1,…,n Find System Variables: In order to separate the declarative and procedural information in computational decision templates, the information is separated into three levels -the product information level, the process level, and the execution level.
In the layer corresponding to the product information level, only information, specific to the product being designed, is captured. Since this information is treated in a standardized manner, it can be used by different design processes. Product information is stored in four templates correspond to the declarative product information "hidden" (or embedded) within the compromise DSP formulations shown in Figure 4 : the problem definition template, the constraints template, the goals and preferences template, and the analysis code template.
The template for defining design variables and parameters includes the following information about design variables: (a) Design Variable Name, (b) Type, (c) Unit, (d) Value, and (e) Lower Bound and Upper Bound. In the goals and preferences definition template, information about design goals and designer preferences regarding the manner of satisfaction desired for these goals is captured. The goals are formulated with target values for system responses. Preferences are associated with the various goals included in the compromise DSP formulation. Here, these preferences are modeled as weights on the deviation variables. The entities associated with such goals are: (a) Name, (b) Weight, (c) Target, and (d) Monotonicity, where monotonicity captures information regarding whether the goal is to be maximized, minimized, or matched as closely as possible. The constraints definition template includes information about various constraints on the system. The constraints are associated with a name and a string representing required mathematical operations. The analysis code is used to evaluate the system response resulting from changes in design variables. The information associated with the analysis code template includes (a) Inputs, which consist of Name, Type, Unit, and Value, (b) Outputs, which consist of Name, Type, Unit, and Value and (c) Execution. The "Execute" field captures the software application that needs to be invoked in order to obtain the desired system response.
In the layer, corresponding to the process level, (1) required information transformations are identified and (2) required information flows are specified in accordance. In order to ensure complete modularity of information transformation templates, information flows are separated from information content. Effectively a clear distinction is made between declarative and procedural information content. In other words, only the mechanics of information transfer are captured at this procedural level, while problem specific information is defined separately at the declarative level. This results in a process map that remains the same irrespective of the application in which the process is used. Information content is thus effectively batched, according to the structure of the overarching template.
The details of code execution are captured in the execution level layer. This level is specific to the design problem for which the process has been instantiated. Execution level codes interface only with the declarative problem formulation level. Thus, there is no direct link between the process specification level and the execution level, discussed in this section. This architecture preserves the modularity of the design processes being modeled. It is important to note that these concepts can be implemented in virtually any object oriented programming language and is not platform dependent.
B. Game Theory Protocols for Collaborative Design
Game theory is a branch of applied mathematics that makes use of models to study interactions with formalized incentive structures 10 . More commonly, it is defined as a theory of competition stated in terms of gains and losses among opposing players 11 or a mathematical method of decision-making in which a competitive situation is analyzed to determine the optimal course of action for an interested party In order to model the interaction between two stakeholders, we consider an approach to design in which the decisions made by one designer have a strategic aspect in that they affect the decision made by other designers. The approach taken is inclusion of the mathematics of game theory into a model, which Marston [14] [15] [16] calls Game-Based Design. He introduces the notion of Game-Based Design as "…the set of mathematically complete principles of rational behavior for designers in any design scenario" in Ref. 17 . Lewis and Mistree 18 abstract the mathematical foundations of game theory to model complex design processes. They model the strategic relationships among designers sharing a common design space using game theoretic principles and identify Pareto Cooperation, Nash Non-Cooperation, and Stackelberg Leader/Follower as the three game theoretic protocols most representative of the interactions required for decentralized design. In this section, we discuss the three game theoretic protocols used in our approach. For a detailed review of literature on Game Theory, please refer 19 . a) Pareto Cooperation is employed to represent centralized decision making, where all required information is available to every collaborating designer. A Pareto optimal solution is achieved when no single designer can improve his or her performance without negatively affecting that of another. In this scenario, designers have full access to the information about each other's decision making process including their cDSPs, and associated engineering tools. The Pareto cooperation scenario is solved by combining all designers' cDSPs (see Figure 6a) ). Hence, all goals, constraints, etc. in the two cDSPs are satisfied in one DSP.
b) Nash Non-Cooperation refers to decentralized decision processes where designers have to make decisions in isolation due to organizational barriers, time schedules, and geographical constraints. Its mathematical models are suitable for formulating decisions in collaborative design 20 . the RRS explicitly, a designer assumes the set of values for design variables not within their control and chooses values of his/her own design variables in order to maximize his/her own payoff. The Nash Non-Cooperative solution to the coupled, decentralized decision-making problem is the point of intersection of the RRSs pertaining to the different designers (see Figure 6b) ). The resulting Nash equilibrium to the design problem has the characteristic that no designer can unilaterally improve his/her objective function 21 . The Nash equilibrium thus ensures that each decision-maker's strategy constitutes an optimal response to other decision-makers' strategies. where the "leader" makes his or her decision, based on the assumption that the "follower" will behave rationally. The follower then makes his or her decision within the constraints emanating form the leader's choice. In this scenario, the leader constructs a RRS by predicting the follower's reactions and makes decisions by using this RRS into the leader's cDSP as shown in Figure 7 . This is an effective way to solve the collaboration problems in the case where there is a dominant design objective that must to be satisfied. Having discussed the templates for modeling decision formulated as cDSPs and game-theoretic protocols as mathematical means for modeling interactions between design decisions, we now present our approach for collaboration using game theoretic interface templates.
III. Approach for Collaboration using Game Theoretic Interface Templates
In this section, we present our [* You called it method earlier. I prefer approach. approach for collaborative design using game theoretic interface templates. We first discuss the general notion of linking decision templates to each other via interface templates in Section III.A, and then provide specific templates for the three game theoretic protocols in Section III.B
A. Modeling Design Processes with Multiple Decision-Makers Using Interaction Templates
Modeling design processes with multiple decision-makers, interface templates serve as domain-independent communications protocols for regulating the way in which experts (operating in different functional domains) share information for effective collaboration. An interface in a design process separates or partitions multiple dependent or interdependent designers and their respective design activities. As shown in Figure 8 , interface templates serve as a means for connecting decision templates to one another in a computer interpretable manner. The nature of the collaboration between designers determines the form of the interface. Appropriate interface templates are developed based upon the underlying informational dependencies between the decision makers. Consequently, the interactions between decision makers can be easily adapted by changing the interface template. Since the decision templates and their instantiation remains the same, the designers still control the formulation of their own decisions. The required 
Figure 8. Linking Decision Templates via Interaction
Templates level of modularity is maintained via the development of domain independent interface templates that are distinct from the decision templates being linked. The notion of linking various decision templates via interface templates is illustrated in Figure 8 , where the decisions corresponding to two design sub-problems are instantiated as distinct cDSP templates. The information flow between the design decisions is computationally modeled and executed by an interface template that captures the chosen game theoretic protocols, such as iterative noncooperative techniques 22, 23 and other noncooperative as well as cooperative instantiations 24, 18, 14, 25, 20, 26 , 27, 1 as described in the previous section.
In an environment such as ModelCenter ® , the resulting interface templates are computational objects that can manipulated in much the same manner as the decision templates.
In fact, interface template instantiation requires achieving appropriate information flows between decision template inputs/outputs and interface template inputs/outputs.
B. Instantiation of Game Theoretic Interface Templates
The models within Game-Based Design are based on the mode of cooperation between designers and the extent of coupling of their decisions. As discussed in Section 3a) it is employed as a means of modeling three different types of decision interactions in engineering design -Pareto/Cooperative, Nash/Non-cooperative, and Stackleberg/Leader-Follower. In the following, we show how these three interactions are instantiated as interface templates connecting decision templates. Cooperative games are ideal scenarios in which either stakeholders, or players, have full access to the information about each other's decision-making process. They are employed to represent centralized decision making, where all required information is available to every collaborating designer. A Pareto optimal solution is achieved when no single designer can improve his or her performance without negatively affecting that of another. The cooperative protocol is represented as a single template with information from two cDSP templates labeled as cDSP A and cDSP B in Figure 9 . The interface template for cooperative game theoretic protocol essentially combines information about design variables, constraints, parameters, goals, preferences and objective functions American Institute of Aeronautics and Astronautics into a single cDSP. In addition to the decision formulation, the analysis models are combined accordingly. This combined cDSP is solved to result in a Pareto optimal solution.
Non-cooperative games represent the other side of the spectrum, where there is no communication between the game players during the decision-making process. They are employed to model the solution of strongly coupled decisions, characterized by interdependent information flows, and is characteristic of decentralized design processes where stakeholders are required to tackle design sub-problems in isolation, due to organizational barriers, time schedules, and geographical constraints. The non-cooperative protocol is represented as an interface template between decision templates as shown in Figure 10 . Decision makers generate a strategy or Best Reply Correspondence, that represents how they would respond given a range of possible responses from the second player. Response Surface Methodology are used to construct the BRCs. An intersection is sought between these designers BRCs, and a solution can be selected from the intersection space. A leader-follower game represents a scenario where one of the two designers dominates the decision-making process. It is shown in Figure 11 as an interface template between two cDSP templates. The interface is implemented to model sequential decision-making processes where the Leader makes his/her decision, based on the assumption that the Follower will behave rationally. The Follower's rational behavior is modeled as a BRC and included as an additional constraint in the interface template. The Follower then makes his or her decision based on the Leader's decision. Having presented our approach for collaborative design using game theoretic interface templates, we are demonstrating this approach with respect to facilitating the design and prototype manufacture of a separation channel for a microscale gas chromatography system introduced in Section I.B.
IV. Illustrative Example
In this example, a designer and manufacturer are using domain-independent decision templates to negotiate the geometric dimensions of a separation channel for a microscale gas chromatography system. The designer is seeking a channel that performs at or above user-defined levels while the manufacturer is seeking a channel that maximizes the amount of channels constructed on a single substrate.
The designers desire a column that performs well. There are two metrics to rate column performance: column efficiency, N, which is desired to be as high as possible, and retention time, t R , which is to be as short as possible. Retention time is the amount of time a sample gas remains within the column. The shorter the column length and the larger the width and height, the shorter the retention time is. Column efficiency is a metric developed by chemists that rate the performance of the channel as the would a packed distillation column. A column with a high column efficiency would have a short column width, large column height, and a longer column length. The a column cannot have both a short retention time and a large column efficiency as the requirements conflict. The single decision template allows the designers to seek a compromise solution between the two metrics. Problem Statement for Performance cDSP Determine column length, column width, and column height for a separation column to maximize column efficiency and minimize the retention time.
The manufacturers seek a design that maximizes the number of channels that can be produced in one manufacturing cycle. Three metrics are used to rate the designs: batch size, the number of columns on a single substrate; leftover area, the amount of substrate not taken up with channels; and real estate, the amount of substrate taken up by one channel. The manufacturers seek a design with a minimum amount of real estate and leftover area and a maximum amount of batch size.
Problem Statement for Spacing cDSP
Determine column width, column length, and spacing width between channels for a separation column die while minimizing the real estate taken up by the die (real estate), maximizing the number of dies that fit on a single wafer (batch size), and minimizing the unused portion of the wafer (leftover space).
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Figure 12. Graphic for Example 1: Performance cDSP characteristics of a successful design for the designers and manufacturers conflict. An ideal channel for the designers has a long column length and large column width, while the ideal channel for the manufacturers has a short column length and width.
These cDSPs are then broken down into domain-independent templates. This is shown in Table 1 for the noncooperative interface between performance and spacing decisions. Cooperative and leader-follower interfaces have been developed accordingly. The decision templates are solved separately, then concurrently using the cooperative, non-cooperative, and leader/follower game theory constructs described in Section III.B. The results are shown in Table 2 . The results of the different tests that permit the designers and manufacturers some insight into the interfaces of their designs are shown in Table 2 . In the first two rows, the individual, non-coupled results of the decision templates are shown. The cooperative solution is presented in the third row. The non-cooperative solution, and the results of leader/follower games are shown in the fourth, fifth and sixth row respectively. A general observation from the results is that the coupled solutions provide more data for comparison than the individual results. The results of the coupled Performance and Spacing cDSPs are compared for different game formulations. The system variables shared by the two cDSPs are Column Length and Column Width. The values of the shared system variables for the individual cDSPs are drastically different. The Column Length and Column Width for the Performance cDSP is almost twice the values of the system variables for the Spacing cDSP. This reflects the designer's preference of performance over size constraints, as well as the manufacturer's conflicting preference of size constraints over performance.
The cooperative design calls for a slightly smaller column length. The system goals of column efficiency and retention time do not exactly meet the designer's preference of 25000 and 30 seconds respectively, but the relative closeness to the preference is acceptable. Of the four designs solved using game theory, the value of the design for the cooperative solution, seen in the third row are deemed to be the "best" of the four, since the values for the system goals are the closest to the preferences of the game players. Further details on the separation channel design for a microscale gas chromatography system can be found in Schnell's 28 work. For execution of this example, we developed the decision templates only once and replaced the interface template to facilitate the exploration of different collaboration scenarios. In a scenario where this comparison of game theory protocols presented in Table 2 is carried out without the use of interface templates, design decisions and processes need to be reformulated for each mode of collaboration. Therefore, the primary advantage of interface templates is a significant time and consequently cost benefit.
V. Closure
In this paper, composable, reusable interface templates are proposed for collaborative decision making. These templates are used to interface design decisions. The proposed approach facilitates collaborative decision making in multi-disciplinary, multi-objective design scenarios involving multiple decisions. The approach supports different types of interactions between designers using game theoretic interface formulations. The computational interface templates support composability and reconfigurability of design processes. From a computational standpoint, the templates are executable, reusable, adaptable, and extensible.
The approach is shown using the design and prototype fabrication of a separation channel. It is shown that the nature of the interaction protocol used to structure the collaboration among the interacting decision-makers has a significant effect on the outcome attained. The best outcome from a system's perspective is obtained for full cooperation, while there is a significant spread in objective values obtained for non-cooperative behavior. In fact, the fully cooperative outcome among the two interacting decision-makers, each in pursuit of their own objectives, matches that obtained for a single decision-maker. In the case of non-cooperative behavior it is clear that the results obtained are directly affected by decision-maker precedence and design variable control. American Institute of Aeronautics and Astronautics Modeling a collaborative design process as a set of computer interpretable templates with clear inputs and outputs has the advantage of allowing various stakeholders to conceptualize how their side's local design constraints and goals affect the overall design space. The interface templates have the added advantages of being stored, modified, and adapted with ease, allowing stakeholders to continuous update their templates as new product or processing information becomes available. Therefore, using game theoretic template-based design process models, design process simulation and exploration between two stakeholders can be expedited resulting in faster design iterations. Further improvement in the approach involves extending the interaction protocols to more than two decision makers and implementing other types of interactions such as negotiations in the form of templates.
